Abstract: This study was conducted to investigate the feasibility of using 3D virtual intravascular endoscopy (VIE) as a novel approach for characterization of calcified coronary plaques with the aim of differentiating superficial from deep calcified plaques, thus improving assessment of coronary stenosis.
INTRODUCTION
C oronary CT angiography (CCTA) is a well-established less-invasive imaging modality for the diagnosis of coronary artery disease (CAD) and its diagnostic value has been significantly augmented due to rapid improvements in CT scanning techniques. [1] [2] [3] [4] [5] Despite the very high negative predictive value of CCTA, the diagnostic performance of CCTA is affected by the presence of high calcification in the coronary artery wall, which results in blooming artifacts associated with radiodense calcium deposits within the plaques. [6] [7] [8] The negative impact of heavy calcification or severely calcified plaques on the diagnostic specificity is due to overestimation of coronary lumen stenosis, leading to high false-positive findings on CCTA. [9] [10] [11] It has been reported that the specificity of CCTA was significantly reduced in patients with high calcification or calcium score in the coronary artery when compared with those with low or no calcification. 6, 7 Therefore, high coronary calcification presents a challenge to the diagnostic value of CCTA as patients with severely calcified plaques cannot be reliably assessed with CCTA.
We hypothesized that superficial calcified plaques may easily cause significant stenosis with irregular appearance than deep calcified plaques, which is consistent with findings observed on invasive coronary angiography (ICA), whereas deep calcified plaques may lead to false-positive results, with normal or insignificant stenosis on ICA. The superficial calcified plaques are defined as those arising from the intima of coronary wall, whereas the deep calcified plaques are referred to those originating from the media or adventitia. Our hypothesis is based on previous studies suggesting that calcified plaques may be stabilized, as they rarely cause acute coronary syndromes. [12] [13] [14] However, superficial calcified plaques, especially those which are close to the luminal surface, can protrude through and rupture the fibrous cap, resulting in thrombus formation and acute coronary syndromes. 15 Therefore, from a clinical perspective, identification of calcified plaque features in relation to the coronary wall plays an important role in determining the coronary stenosis and prediction of cardiac events.
Identification of plaque origin is very important for percutaneous coronary intervention (PCI) with rotational atherectomy for severely calcified plaques. 16 If calcified plaques originate from intima (or superficial calcified plaques), PCI procedure could be more difficult and challenging, as severely calcified plaques respond poorly to balloon angioplasty, resulting in incomplete and asymmetrical stent expansion, whereas deep calcified plaques (plaques arising from adventitia) may not be affected by the balloon expansion. 17 Rotational atherectomy may have a role in treating these heavily superficial calcified lesions. 18, 19 The less-invasive approach to identify the morphological features of calcified plaques is through 3D virtual intravascular endoscopy (VIE), which has been shown to provide additional information of the coronary wall and plaques. [20] [21] [22] Identification of intraluminal appearances of calcified plaques is considered to allow more accurate assessment of coronary stenosis by detecting superficial and deep calcified plaques. Thus, the purpose of this study is to investigate the feasibility of using 3D VIE as a novel approach to differentiate superficial from deep calcified plaques, and determine the accuracy of assessing coronary lumen stenosis when compared with ICA.
METHODS

Patient Data
Between March and August 2014, 161 patients who underwent CCTA examinations were retrospectively reviewed. Our inclusion criteria were patients with suspected CAD having calcified plaques detected on CCTA, whereas ICA was performed as the gold standard technique to confirm the diagnosis. The exclusion criteria were: non-calcified plaques or mixed plaques as observed on CCTA, contraindications for iodinated contrast media, history of coronary stenting or bypass surgery, renal dysfunction or renal failure, and intolerance to betablockers. One hundred patients were excluded due to the following reasons: non-calcified or mixed plaques on coronary arteries (n ¼ 35), no ICA available for comparison (n ¼ 60), and coronary stenting (n ¼ 5). Therefore, 61 patients were eligible for inclusion in this study, and patient characteristics are shown in Table 1 .
The institutional review board approval was waived in this study since these patients were referred for CCTA scans as a routine procedure for clinical diagnosis. Patients' details were de-identified in all of the images; thus, no informed consent was obtained from patients.
CCTA Scanning Protocol
All patients underwent !64-slice CCTA (Somatom Definition and Definition Flash, Siemens Healthcare, Forchheim, Germany; Toshiba Aquilion ONE, Toshiba, Otawara, Japan), including 24 patients (39%) for 64-slice CT, 21 patients (34%) for 128-slice CT, and 16 patients (26%) for 640-slice CT, respectively. The scanning protocols for these CT scanners were as follows: detector collimation 2 Â 32 Â 0.6 mm/ 2 Â 64 Â 0.6 mm, gantry rotation of 0.33/0.28 s, with a tube voltage of 100 to 120 kVp depending on body mass index and tube current ranging from 345 to 420 mAs/rot and 330 to 450 mAs/rot with retrospective ECG-gating for the 64-slice and 128-slice CT, respectively; detector collimation 320 Â 0.5 mm, gantry rotation of 0.35 s, with a tube voltage of 100 to 120 kVp depending on body mass index and automatic tube current modulation with prospective ECG-gating for the 640-slice CT. Beta-blockers were administered in patients with heart rate >65 bpm (beats per minute) for 640-slice CT scanning and in patients with heart rate >80 bpm for 64-and 128-slice CT scanning.
In all examinations, non-ionic contrast medium Iopromide at 370 mg/mL (Iopromide 370, Bayer Schering Pharma, Berlin, Germany) was delivered using a dual-head power injector. The scan start time was determined with use of bolus tracking technique with a CT attenuation of 120 HU as the triggering threshold in the ascending aorta to initiate the scan. Sixty to 75-mL contrast medium was injected at an injection rate of 4.5 to 5.5 mL/s in the 120-kVp protocol, and 50 to 65-mL contrast medium at an injection rate of 4 to 4.5 mL/s in the 100-kVp protocol. All injections were followed by a saline flush of 30 mL. ECG tube current modulation was used with full tube current from 30% to 75% of the R-R interval. Pitch varied from 0.2 to 0.4 depending on the heart rate for 64-and 128-slice CT protocols. Images were reconstructed with a slice thickness of 0.6 to 0.75 mm and a reconstruction interval of 0.5 to 0.6 mm for 64-and 128-slice CT, 0.5 mm and interval of 0.25 mm for 640-slice CT, respectively. stenosis (<50%), moderate stenosis (50%-70%), and severe stenosis (>70%).
CCTA Measurements of MLD
The MLD was measured on multiplanar/curved planar reformatted images in the views showing the greatest degree of stenosis in 3 main coronary arteries, LAD, LCx, and RCA. Measurements were performed by 2 observers (with >7 and 10 years of experience in cardiac CT imaging, respectively) who were blinded to the results of ICA. Any discrepancy between the observers was resolved by consensus. The interval of MLD measurements in CCTA and ICA was 2 weeks. Similarly, the MLD was measured 3 times at each coronary lesion, and the mean values were used to avoid intraobserver disagreement. Figure 1 shows the landmarks that were used to perform measurement of MLD on both CCTA and ICA images.
Generation of VIE Images for Visualization of Coronary Lumen and Plaques
CT volume data were converted from original DICOM (digital imaging and communications in medicine) images, which were transferred to a separate workstation equipped with Analyze V 11.0 (AnalyzeDirect, Inc, Lexana, KS) for image post-processing and generation of 3D VIE images. Post-processing of CT data was performed with a CT number thresholding technique, which was described before. [20] [21] [22] [23] In summary, generation of VIE images of coronary plaques and coronary lumen depends on the selection of appropriate CT threshold, which is determined by measuring the CT attenuation at the coronary arteries according to our previous experience. [20] [21] [22] An upper CT threshold of 250 to 300 HU was applied to remove the contrast-enhanced blood from the coronary artery for optimal demonstration of intraluminal views of coronary wall and plaque. VIE images were generated by an observer with >15 years of experience in 3D VIE imaging of cardiovascular disease. Figure 2 is an example of VIE visualization of left coronary ostium and coronary plaque with upper CT threshold of 250 HU applied to generate intraluminal views. As shown in the figure, orthogonal views (coronal and sagittal reformations) are also used to check the exact location of the plaque in relation to the coronary artery.
Our previous studies have shown that VIE visualization demonstrates intraluminal appearances of coronary wall and plaque, which can be characterized into the following categories 20, 21 : coronary wall is presented as either smooth or irregular appearances; coronary plaque is shown as either protrusion into the coronary lumen with regular configuration, or protrusion with irregular shape, or irregular intraluminal appearances with resultant coronary stenosis or occlusion. Our hypothesis in this study is that due to its uniqueness of providing intraluminal views, VIE could serve as a potential visualization tool to allow more accurate assessment of coronary lumen stenosis by identifying the morphological features of calcified plaques in terms of superficial and deep types, thus, overcoming the limitations of conventional 2D and 3D visualizations that are commonly encountered in the diagnostic evaluation of CAD. Significant coronary artery disease was determined with !50% lumen stenosis as assessed on CCTA, ICA, and VIE measurements.
Statistical Analysis
All data were entered into SPSS 21.0 (SPSS Inc, Chicago, IL) for statistical analysis. Continuous variables were expressed FIGURE 1. Landmarks for measurement of MLD at the LAD coronary artery. (A) MLD was measured 1.9 mm on curved planar reformatted CCTA image, with the reference normal diameter of LAD measured 3.7 mm. (B) The MLD was measured 1.7 mm on ICA with the reference normal diameter of LAD being 3.7 mm. (C) Significant coronary lumen stenosis was observed on virtual intravascular endoscopy due to presence of superficial calcified plaques, which protrude into the lumen, resulting in lumen stenosis. Arrows refer to the residual patent coronary lumen. Please note that at the mid LAD severely calcified plaques result in lumen occlusion (false positive) on CCTA, but this was confirmed to moderate stenosis on ICA as shown in Fig B. CCTA ¼ coronary CT angiography, ICA ¼ invasive coronary angiography, LAD ¼ left anterior descending, MLD ¼ minimal lumen diameter.
as mean AE standard deviation. All variables input to t test procedures were first examined for normality with the Kolmogorov-Smirnov test. The 3 arrays of CCTA-ICA differences tested satisfactorily for normality via the Kolmogorov-Smirnov test. Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) for the detection of significant stenosis on CCTA and VIE were calculated for individual coronary branches and all 3 coronary vessels. Receiver-operating characteristic (ROC) curve analysis was used to assess the diagnostic performance of VIE in the detection of coronary stenosis compared with CCTA by ICA as the gold standard. The area under the ROC curves (AUC) was compared between these 2 methods.
Bland-Altman plot analysis was done to estimate the mean difference in MLD measurements between CCTA and ICA. This provides a visual indication of how the measurement bias varies in the assessment of coronary lumen stenosis due to presence of calcified plaques. A Student t test was used to determine whether there is any significant difference between 64-, 128-, and 640-slice CCTA and VIE in the diagnostic assessment of coronary stenosis. A P value of <0.05 was considered statistically significant.
RESULTS
Calcified plaques were found in all of the LAD arteries, whereas plaques were present in 33 RCA and 23 LCx branches, respectively. Calcified plaques were detected in 117 coronary vessels, of which 32 (27%) were confirmed by ICA to be significant stenosis (>50%). No coronary occlusion was found in these patients.
We randomly selected 20 cases (60 vessels) for interobserver variability and the comparison of measurements between CCTA and ICA. The experienced readers blindly measured MLD on both imaging techniques, with high correlation achieved between MLD values performed by 2 observers (r ¼ 0.954, P < 0.001).
Overall, the MLD measured on CCTA was underestimated in most of the cases, with 96%, 91%, and 88% observed in the lesions in LAD, LCx and RCA, respectively. The Bland-Altman plots seen at Figure 3 show a significant negative bias for the MLD measurements from the zero bias line in comparison with the ICA measurements. So MLD measurements at all 3 coronary arteries exhibited statistically significant evidence of bias (P < 0.001). In all 3 sites, the mean bias was negative, indicating that the CCTA method consistently underestimated the MLD relative to the ICA.
3D VIE was successfully generated in all patients with clear demonstration of intraluminal appearances of coronary wall and plaque. Results showed a direct correlation between the plaque type as observed on VIE and corresponding coronary lumen change and degree of lumen stenosis. Table 2 shows the relationship between plaque morphological features and degree of coronary stenosis as assessed on CCTA, ICA, and VIE, as well as corresponding VIE appearances in the 3 coronary arteries. Most of the deep calcified plaques (>80%) as shown on VIE were found to demonstrate no significant stenosis as confirmed by ICA, whereas >86% of the superficial calcified plaques as demonstrated on VIE were confirmed by ICA to be significant stenosis.
On a per-vessel assessment, the sensitivity, specificity, PPV, and NPV, and 95% confidence interval (CI) were 94% (95% CI: 61%, 100%), 27% (95% CI: 18%, 38%), 33% (95% CI: 23%, 43%), and 92% (95% CI: 74%, 99%) for CCTA, and 100% (95% CI: 89%, 100%), 85% (95% CI: 75%, 92%), 71% (95% CI: 56%, 84%), and 100% (95% CI: 95%, 100%) for VIE, respectively, indicating significant improvement for the assessment of coronary stenosis by VIE. Similar findings were observed at individual coronary artery assessment with high diagnostic value achieved using VIE, which is shown in Table 3 . The AUC by ROC curve analysis for VIE demonstrated significant improvement for detection of >50% coronary stenosis in LAD compared with CCTA (0.99 vs 0.60, P < 0.001), with improved performance in LCx and RCA, although this did not reach statistical significance (0.98 vs 0.84 for LCx, 0.77 vs 0.77 for RCA, P ¼ 0.07 and 0.96) (Figure 4) .
Since patients in this study were scanned with different generations of multislice CT scanners, a further analysis of the diagnostic value of 64-, 128-, and 640-slice CCTA was performed to determine whether there is any significant difference between these scanners. On a per-vessel assessment, the sensitivity, specificity, PPV, and NPV, and 95% CI of CCTA and VIE in the diagnostic evaluation of CAD did not show any significant difference between these CT scanners, as shown in Table 4 . Figure 5 shows deep calcified plaques in the LAD with significant coronary stenosis on CCTA, but it was confirmed to be minimal lumen stenosis (<50%) on ICA, whereas corresponding VIE demonstrates the plaques with smooth intraluminal protrusion with no significant stenosis. Figure 6 demonstrates superficial calcified plaques in the LAD with significant coronary stenosis on CCTA, and it was confirmed to be >50% lumen stenosis on ICA, with corresponding VIE showing the plaques protruding inside the coronary lumen, resulting in significant stenosis with irregular appearances.
DISCUSSION
This study provides an insight into the relationship between calcified plaques and corresponding plaque appearances and coronary lumen stenosis in relation to the plaque features. VIE, as a novel visualization tool, may serve as a promising technique to solve the current challenge of modest diagnostic performance of CCTA, which is affected by calcified plaques. The most important finding of this study lies in the potential value of identifying morphological features of calcified plaques in the coronary wall by VIE with significant improvement in the diagnostic value for assessment of coronary stenosis, therefore, elucidating the rationale of false positive stenosis caused by calcified plaques on CCTA. Our findings of CCTA underestimating MLD in the presence of calcified plaques (or in other words, overestimating the degree of coronary lumen stenosis) are consistent with those reported in the literature. Results from 2 large multicenter trials showed the specificity of CCTA in patients with calcium score >400 was reduced to 20% and 53%, respectively. 7, 8 Reports based on single-center experience also demonstrated negative influence of calcified plaques on the diagnostic performance of CCTA. [9] [10] [11] 24 Although coronary plaques with high calcification did not significantly compromise the sensitivity and accuracy, the specificity was reduced to a greater extent in the assessment of coronary arteries with calcified plaques when compared with those with mixed or non-calcified plaques. [9] [10] [11] This is confirmed in the present study, as the specificity of CCTA is quite low ranging from 19% to 46%, whereas the sensitivity remains consistently high (!90%) at per-vessel assessment. A recent study further verifies that the limited accuracy of CCTA in coronary lumen assessment is due to specific calcium characteristics (presence of calcium arc and mean lumen diameter). 25 The underlying mechanism may explain the fact that most of these calcified plaques belong to the deep calcified type in the coronary wall, with resultant false-positive stenosis on CCTA, but confirmed by VIE to be less significantly stenotic with improved specificity to a greater extent. On the contrary, superficial calcified plaques most commonly lead to stenosis as these plaques are close to the luminal surface area (or intima), resulting in irregular appearance as demonstrated on VIE. These findings may provide practical assistance in minimizing coronary lumen underestimation by CCTA.
Intravascular ultrasound (IVUS) is a widely used invasive imaging modality with high diagnostic accuracy for detection and quantification of CAD. IVUS allows assessment of crosssectional vessel areas, which are closely related to hemodynamically significant coronary stenosis. 26, 27 Due to its invasive nature, IVUS is not commonly performed in routine clinical practice, whereas CCTA has been increasingly used as an effective less invasive modality to diagnose CAD. CCTA has been reported to be an accurate modality for the quantitative analysis of coronary plaques, with high diagnostic sensitivity and specificity in comparison with IVUS. [28] [29] [30] [31] Kruk et al compared CCTA and IVUS in 30 patients with regard to the vessel area assessment and CCTA ability to visualize the adventitial boarder. Their results showed high correlation between CCTA and IVUS in the evaluation of the area of external elastic membrane and adventitia (20.2 AE 6.4 mm 2 on CCTA vs 19.8 AE 6.4 mm 2 on IVUS, P < 0.001) with a 0-HU threshold, indicating the ability of accurately delineating the adventitial border on CCTA. 32 Our results further confirm quantitative analysis of coronary plaques by CCTA from another angle with use of CCTA-generated VIE by demonstrating coronary lumen changes due to plaque features (superficial vs deep calcified plaques). Although our analysis of VIE visualization is based on a small number of cases, findings of this study have significant clinical impact because this novel visualization tool has the potential to solve the diagnostic challenge in CCTA by providing more accurate assessment of coronary stenosis, with high diagnostic performance achieved despite presence of calcified plaques.
The origin of a calcified plaque is not fully understood, but it appears to be associated with a healed fibroatheroma, whereas fibrocalcific plaques appear to be associated with a narrowed lumen due to the result of fibrosis and calcification.
14,15 IVUS has been shown to demonstrate the characteristic shape related to calcified plaques, 33 and most importantly, these calcified plaques were found to cause fewer major adverse cardiac events. 12 Calcified plaques most likely represent atherosclerotic changes at later stages of remodeling, thus reflecting more stable lesions and rarely show plaque progression. 34, 35 However, the plaque in close proximity to the coronary surface (intima) may progress into luminal narrowing, followed by plaque erosion. 15 Furthermore, the pattern of calcification in plaques is also different. 36, 37 Consequently, it is clinically important to characterize the calcified plaques, especially differentiation of superficial from deep plaques as the underlying mechanism for patients with higher calcification to develop future cardiac events remain to be clarified. 37, 38 Optical coherence tomography (OCT) is a promising modality for in vivo identification of plaque characteristics due to its superior spatial resolution (20 mm), which allows for detection of these located on the superficial surface of plaques. [39] [40] [41] However, OCT suffers from the limited depth penetration through tissues, which is <2 mm, and this significantly affects the role of OCT to assess plaque burden. VIE has been reported as a lessinvasive tool for providing detailed analysis of the calcified plaque appearances. [20] [21] [22] VIE findings in this study confirm that deep calcified plaques typically present with protrusion appearance, but with fewer cases of stenosis compared with those superficial plaques, which are found to more likely result in coronary stenosis with irregular appearances.
There are several limitations in this study. The sample size is relative small, as we only focused on analysis of calcified coronary plaques while excluding other types of plaques. This is especially apparent in the comparative analysis of LCx and RCA due to the small sample sizes of calcified plaques in these 2 arteries, which makes it difficult to detect any given difference in AUC by ROC. CCTA was performed with 64-slice CT in nearly 40% patients in this group, which could limit the diagnostic performance of CCTA in the accurate assessment of coronary stenosis when compared to 128-and 640-slice CT. Although there is no significant difference in diagnostic value between these 3 types of multislice CT scanners, further studies based on more advanced CT scanners are recommended. Calcium scoring was not available in these patients, although calcified plaques were analyzed in this study. Calcium scoring should be included as part of the CCTA examinations in future studies. Furthermore, this is a preliminary study with the proposed novel idea of using VIE to identify the calcified plaque features; however, results need to be interpreted with caution as analysis of VIE findings is based on subjective assessment with no correlation with IVUS findings. A comparison between CCTA and IVUS in a further study would allow robust conclusions to be drawn. Deep calcified plaques are shown on VIE as smooth intraluminal appearances with no significant stenosis in most of the cases; however, some of the superficial calcified plaques are also demonstrated as smooth appearances on VIE. Thus, further analysis and characterization of plaque features, in particular, analysis of those superficial plaques in relation to the development of adverse cardiac events are needed in future studies.
In conclusion, this preliminary study shows that the novel visualization tool, VIE, generated from CCTA allows for identification and analysis of calcified plaques with regard to plaque morphology in the coronary wall, therefore, improving assessment of coronary stenosis by CCTA. A significant improvement of specificity (>80%) is achieved with use of VIE for assessment of coronary stenosis when compared with CCTA. Further studies are warranted to correlate VIE visualization with intravascular ultrasound to verify its diagnostic value in the quantitative analysis of coronary plaques.
